The optimized random reflector is highly preferred for solar cells due to its superiority over an un-optimized totally random surface and its potential to exceed the Lambertian limit. There are some obstacles to overcome for realizing optimized random reflectors, including the feasibility from the process viewpoint and the intensive computational demand for large-scale random reflector design. Here a binary random grating is proposed which can be easily fabricated using common lithographic techniques. By using a global optimization algorithm and three-dimensional (3D) EMW simulation, the solar cell structure with 4 × 4 quasi-random binary grating can provide 23% higher integrated absorbance than its periodic grating counterpart and 103.5% higher integrated absorbance than a planar cell, approaching the Lambertian limit. Broad-band transmission improvement at short wavelength and a broad-band waveguiding effect at long wavelength is observed for the optimized 3D geometry. Additionally, the optimized random grating surpasses the periodic grating at all incident angles. The absorbance of the large-scale, fully optimized binary pattern can potentially exceed the Lambertian limit while its computational demand is shown to be manageable.
Introduction
Random reflectors are always of particular interest for solar cells. The optimized random geometry can potentially exceed the so-called Lambertian limit [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . There are several issues associated with optimized random geometry.
(1) The optimized random profiles are usually very difficult to fabricate. ( 2) The randomized nature means that the geometrical construction of conformal layers is quite difficult. A suitable geometrical definition of such a full 3D structure is needed if the solar cell geometry is to be optimized by a particular optimization algorithm. The geometry has to be adjusted automatically during optimization, rather than adjusted manually at each run. (3) A full three-dimensional (3D) solar cell structure with a random back reflector, a dielectric spacer, a conformal semiconductor layer, and a front-side anti-reflection coating has not been optimized to date due to its large computational demand.
Here a global optimization algorithm together with a geometrical parameterization procedure is proposed for designing optimal random gratings for future thin-film photovoltaics. There are several potential methods for global optimization, and the genetic algorithm (GA) is selected here due to its versatility and the fact that it does not require initial guesses. The proposed method can be applied to solar cells using any material although silicon thin-film is used in this study. In the literature, optimization of the one-dimensional (1D) randomized profile for solar cells has been reported [13, 14] using 2D simulation. In those works the optimized 1D profile proved difficult to fabricate, and two-dimensional (2D) grating geometry in three-dimensional (3D) simulation is much preferred in real devices due to its higher absorbance enhancement. The initial result of this work can be found in [15] .
Simulation methodology and the definition of random binary mask
The calculation is carried out by rigorously coupled wave analysis (RCWA). The absorbance is calculated by integrating the power dissipation in the silicon region:
where ω is the angular frequency, λ is the free space wavelength, ε 0 is the permittivity in vacuum, and ε is the imaginary part of the complex semiconductor dielectric constant. Only the absorption in silicon generates electron-hole pairs that contribute to photocurrent. In order to compare the light trapping capability of different structures, the integrated absorbance can be defined by integrating (1) weighted by solar spectrum:
where (λ) is the AM 1.5 solar spectrum, h is the Planck constant, λ is the free space wavelength and c is the speed of light. Using integrated absorbance weighted by AM 1.5 spectrum, as stated in (2) , is a common practice in the literature to compare the optical properties of solar cells [16, 17] . A global optimization algorithm is applied to conduct geometry optimization for random reflectors. A GA or an evolutionary algorithm is a stochastic global search method that mimics a natural biological evolution [18] . The principle of survival of the fittest is applied to a population of individuals, which are potential solutions to the problem. Individuals with higher fitness in the problem domain have better chance to be selected and to reproduce their own offspring. This results in individuals who are better suited to the environment tending to have more children and higher fitness as the evolution process proceeds, just as in natural adaptation. GAs are particularly suited for search in very large or unbounded sample spaces, and they have been proven useful in different fields [19] [20] [21] [22] . Due to the fact that the current study is on quasi-random 4 × 4 binary mask, the search space is not very large and therefore the optimal solution by GA is very likely to be the global maximum. The structure for evolution should be defined in such a way that no matter how the random binary mask is evolved, the subsequent silicon and ZnO conformal coverage can be adjusted according to the underlying binary random pattern on the bottom ZnO layer. This is a complicated process and the description is included below. The evolutionary structure consists of ZnO/Si/ZnO/Ag, the thickness of silicon is 700 nm, the thickness of layer 2 is 100 nm, and the groove height for the grating is 250 nm. The binary grating can be fabricated using usual lithography techniques in one etch step. Each binary bit is 250 nm in both width and length. The structure is defined using seven layers as illustrated in figure 1. Layer 1 is a uniform Ag layer. Layer 2 is a uniform ZnO layer. Layer 3 is a ZnO/Si layer, which is defined according to the binary mask pattern as a function of 0 and 1, as shown in figure 2 .
The algorithm can be defined as below for layer 3:
if the binary mask is 1 n r = n ZnO else if the binary mask is 0 n r = n Si .
1 represents the mesa and 0 represents the etched area. Therefore in (3), 1 represents ZnO while 0 represents silicon since the etched region will be conformally filled with silicon. Afterward, layer 4 is a uniform layer of silicon, whose thickness will be the total thickness minus the groove depth of the grating. Layer 5 is silicon/ZnO, and the initial binary mask can be used to define the fifth layer. Layer 5 is part of the ZnO top contact conformal coverage. Layer 6, which is the sidewall of the top silicon grating structure, is more complicated to define. The thickness of the sidewall is 50 nm, which is assumed to be half of the film thickness of the topmost ZnO coverage. As illustrated in figure 3 , the side wall definition can be done by dividing one bit of binary mask pattern into nine sub-regions. Whether each sub-region should be air, silicon or ZnO is determined by whether its adjacent region is silicon or air and whether the underlying binary mask bit is 0 or 1. In addition, for each sub-region, the situation can be slightly different as stated below.
For the case of sub-regions a, b, c, d, f, g, h, or i, if the underlying binary mask bit is 1, a ZnO grating bump is already defined in the layer 3 at this specific mask bit location. Thus, in order to achieve conformal coverage, the silicon refractive index is used. In the case that the underlying binary mask bit is 0, which means at this specific mask bit location a ZnO grating dip is already defined in layer 3, the sub-region in the layer 6 should be air or ZnO, depending on whether any of the adjacent regions is silicon or not. If any of the adjacent regions is silicon then the ZnO refractive index is used since the sub-region in this case should be the ZnO sidewall of the adjacent silicon material:
if the binary mask is 1 n r = n Si else if one of the adjacent region is silicon n r = n ZnO else n r = n air .
For sub-region e, the situation is simpler. If the underlying binary mask bit is 1, which means a ZnO grating bump is already defined in this specific mask bit location in layer 3, the silicon refractive index is used to construct the conformal coverage of the silicon thin-film. Otherwise, if the mask bit is 0, the air refractive index is used:
if the binary mask is 1 n r = n Si else n r = n air .
Layer 7 is the topmost ZnO front contact coverage, which constitutes part of the top ZnO conformal coverage. The thickness of the layer 7 ZnO coverage is 100 nm. The definition can be extended from layer 6 using the same sub-region method as depicted in (4) and (5). Material optical constants can be found in the literature [9, [23] [24] [25] [26] [27] [28] [29] .
Spectral response and transmission
For the calculation of Poynting vector, energy loss, and integrated quantum efficiency, see [3, 13, 30, 31] . The calculated integrated absorbance, A Int , is 0.7380 for the optimized geometry and 0.5697 for its periodic counterpart. The optimized grating geometry is shown in figure 4 . The spectral response is shown in figure 5 where a 4 × 4 quasi-random grating provides 23% broad-band improvement compared to its 2D periodic counterpart. At short wavelength, the optimized structure shows broad-band improvement due to the transmission enhancement, as is clear in the inset of figure 5 . At long wavelengths, the Fabry-Perot type resonances are seen in the 2D periodic grating due to the quasi-guided mode excitations.
The Lambertian absorption limit is [32] A(λ) = (1 − e −4αW )
where α is the absorption coefficient, n is the semiconductor refractive index, and W is the film thickness. Although at the resonance frequencies the absorbance of the baseline cell with 2D periodic gratings can exceed the Lambertian limit in (6) at certain wavelengths, the broad-band enhancement is not as strong as the optimized random structure. The well-defined quasi-guided modes in the periodic grating make it possible to exceed the Lambertian limit. Nonetheless, at wavelengths other than the resonances, the absorbance is much lower. Since it is difficult for guided modes to exist over the entire solar spectrum, a compromised but optimized random grating can provide higher overall efficiency. The planar cell in general shows wave interference characteristics at the short wavelength where peak absorbance is seen when wave impedance is matched for the thin-film solar cell stack. It shows weak absorption at long wavelength due to insufficient light scattering, resulting from the lack of large angle diffraction. The transmission at the solar cell front surface is plotted in the insets of figure 5. When calculating the transmittance, only the front surface texture is retained (no back reflector) and the fraction of the power penetrating from air into silicon is plotted. Retaining only the front surface texture is a common practice for calculating anti-reflection characteristics [33] . Since there is no back reflector, no quasi-guided mode is excited and therefore in the transmittance curve very few peaks are observed. At the long-wavelength portion of the solar spectrum, the transmission is essentially very high due to the matched wave impedance. The impedance-matched condition for the ZnO front contact assuming planar structure is
where λ is the free space wavelength, n ZnO is the ZnO refractive index, and m is non-negative integer. For the 2D periodic grating the transmission is further improved at all wavelengths where a broad-band transmission is observed instead of perfect transmission at a single wavelength, as is the case for the planar structure. The lower transmission at the short wavelength for both insets in figures 5(a) and (b) is due to two factors. The first is directly from (7): n ZnO is approximately equal to 2 and t ZnO = 100 nm, and thus the first impedance-matched point is around λ = 800 nm, and the second is λ = 266.67 nm. Since there is no impedance-matched point around λ = 400-600 nm, the transmission is lower at short wavelength. The second reason is that the imaginary part of dielectric constant (ε r ) becomes higher at short wavelength, which in turn lowers the transmission. The transmission peak around λ = 448.5 nm is unlikely to be the result of impedance matching since there is no such points in this spectral range. It is more likely due to the strong waveguiding effect where the ridged-geometry guides the incident wave into the silicon slab. The further broad-band transmission improvement of the random grating over the 2D periodic grating is due to its optimized geometry. Figure 6 illustrates the angular dependence of the integrated absorbance for the solar cells with 2D periodic grating or the optimized random grating. The angular variation of integrated absorbance is similar to that reported in the literature [27] , where a small variation in absorbance for angles <50 • and a significant drop of absorbance for larger incident angles are observed. The solar cell with the optimized random reflector shows higher integrated absorbance than its 2D periodic counterpart at all incident angles, despite the fact that the optimization here is with respect to the normal incidence. The optimization is done for normal incidence due to the fact that this is the incidence angle resulting in maximal power generation. It should be pointed out that optimization can also be done with respect to any angle or for an angle-averaged absorbance. The guided-mode excitation wavelengths in general shift with incidence angle for the 2D periodic grating, and the guided-mode excitation for random structures is less pronounced, similar to the situation for normal incidence. The guided-mode excitation condition is when inplane incident wavevectors, after being augmented by grating momentum, coincide with the wavevector of eigen modes [34] :
Angular response
where k 0 is the free space wavevector, k InPlane is the tangential component of k 0 relative to the film, G is the reciprocal lattice vector, a x and a y are the grating period in the x and y direction, θ i is the photon incident angle, and m x and m y are non-negative integers. The condition stated in (8) is impossible to be fulfilled for a broad-band spectrum due to the fact that quasi-guide modes only exist at discrete wavelengths [35] . Since the quasi-guided mode excitation is difficult to exist over the entire spectral range especially for normal incidence, the random and optimized design is a compromise way to achieve highest total absorbance. 
Computational consideration
It is certainly desirable to have a fully optimized random grating where an infinitely large mask pattern is optimized and thus the diffraction is the most efficient. In reality, an infinite large mask optimization is not necessary since the fringing effect will become negligible for a sufficient large mask pattern. This is true if the mask dimension is much larger than the wavelength so that the diffraction and interference at the fringe become unimportant. Two factors further reduce the mask size required to achieve a fully optimized, large-scale pattern. One is the absorption nature of the solar cell material where the field intensity decays exponentially as it propagates. The second is that the wavelength is shorter in semiconductors than in air. The order of Fourier components that needs to be retained is proportional to the dimension of binary random mask. From the inset of figure 7, for 4 × 4 quasi-random mask design, the Fourier component retained should be at least seven in order to have a convergent solution. Therefore, for 40 × 40 quasi-random mask design, it will take 70 diffraction orders if the same fine features still need to be resolved in a Figure 7 . CPU time versus retained diffraction order. Inset: the required diffraction order for convergence. large-dimension mask pattern. This is evident from [36, 37] ε(x) = n a n exp(jk n x) = n a n exp j 2π n x ,
where ε is periodic permittivity function, is the period of grating, k n is the wavevector of Fourier expansion, and n is diffraction order. It is clear from (9) that the number of required diffraction orders increases with the period . From figure 7 , 70 diffraction orders will take around 1.02 years to complete, using polynomial extrapolation formula fitted with data within 20 diffraction orders [38] : Table 1 lists the coefficients of the polynomial fit equation in (10) . Clearly, in order to have a fully optimized mask design, cluster parallelization is essential. For example, if a cluster of 1000 CPU is running in parallel, it only takes 8.95 h to finish the above-mentioned computation. Although this still seems to be an extended time, it is certainly worth this CPU time since a fully optimized pattern can be re-used indefinitely.
Conclusion
The algorithm-optimized solar cell structure with 2D randomized grating in 3D simulation domain is reported in this work. The proposed binary random grating can be easily fabricated using common lithography techniques.
The optimized solar cell geometry with 2D quasi-random grating shows broad-band transmission enhancement for the high-energy photons, and broad-band waveguiding effect for the low-energy photons. The spectral response of the optimized structure shows less significant quasi-guided mode excitation but a higher total integrated absorbance for the AM 1.5 solar spectrum. The angular response of the optimized structure surpasses its periodic counterpart in all incident angles. This indicates that using random reflectors to achieve a compromised response over the full spectral range can lead to higher total absorptivity, compared to the periodic structures which rely on the high-Q quasi-guided mode excitations. The presented geometry parameterization, encoding, evolution, and global optimization procedures can be applied to large-scale, fully optimized random reflector pattern design, whose light trapping capability can potentially exceed the Lambertian limit. The CPU runtime for optimizing the large-scale random grating is shown to be manageable based on the polynomial extrapolation from the data within 20 diffraction orders.
